The mechanism by which sickle cells and xerocytic red cells become depleted of cations in vivo has not been identified previously. Both types of cells exhibit elevated permeabilities to sodium and potassium, in the case of sickle cells, when deoxygenated. The ouabaininsensitive fluxes of sodium and potassium were equivalent, however, in both cell types under these conditions. When incubated 18 hours in vitro, sickle cells lost cations but only when deoxygenated. This cation depletion was blocked by ouabain, removal of external potassium, or pretreatment with 4,4'-diisothiocyanostilbene-2,2'-disulfonate, which blocks the increase in cation permeability induced by deoxygenation. The loss of cation exhibited by oxygenated xerocytes similarly incubated was also blocked by ouabain. These data support the hypothesis that the elevated "passive" cation fluxes of xerocytes and deoxygenated sickle cells are not directly responsible for cation depletion of these cells; rather, these pathologic leaks interact with the sodium pump to produce a net loss of cellular cation. 
Introduction
Cellular dehydration is a feature ofseveral red blood cell disorders of diverse etiologies. Two of these are sickle cell disease, an autosomal recessive hemoglobinopathy, and hereditary xerocytosis, an autosomal dominant disorder, characterized by compensated hemolytic anemia, reduced osmotic fragility, and red cell morphology showing target cells and/or stomatocytes. Sickle cell density profiles (which reflect cellular hydration) are markedly heterogeneous, with certain cells showing striking reductions in cation and water content (1, 2) . Red cells in xerocytosis also exhibit reduced cation and water content and elevated hemoglobin concentration (3) (4) (5) (6) .
In erythrocytes, hemoglobin concentration is a major determinant ofcell deformability (3, 7) ; both sickle cells and xerocytes have reduced deformability, which can be improved by rehy-dration in vitro (3, 8, 9) . The concept ofdeformability as a major determinant ofred cell survival is supported by the observations that dehydrated populations of oxygenated sickle cells exhibit abnormal rheologic behavior, and increased sensitivity to physiologic shear stress (7, (9) (10) (11) . Shear sensitivity was shown to improve with rehydration (9) ; the effects ofrehydration on rheologic behavior have not been tested. In addition, because polymerization rates of deoxygenated hemoglobin S are highly sensitive to hemoglobin concentration (12) , even small increments of cation and water loss enhance the tendency of sickle cells to sickle upon deoxygenation (13, 14) . Cellular dehydration, then, seems to play a significant role in the pathophysiology of both sickle cell anemia and xerocytosis.
The mechanism by which these cells become dehydrated has not yet been elucidated. Dehydration follows pari passu the loss of cation from red cells, and abnormal cation permeability has been demonstrated in both types of cells. In xerocytes, this transport abnormality is presumably the result of a primary membrane permeability defect (3, 5) . Sickle cells exhibit a striking, reversible increase in monovalent cation permeability when deoxygenated (15, 16) . Both cell types are more potassium depleted than sodium loaded, and it has been assumed that the membrane permeability to potassium exceeds that for sodium. The available data on net ion movements in sickle cells and xerocytes suggest, however, that net sodium and potassium fluxes are balanced (15) (16) (17) (18) , although the flux of sodium stimulated by deoxygenation of sickle cells has not been quantitatively compared to that of potassium. The basic permeability defects ofsickle cells and xerocytes thus have not been thoroughly characterized, and apparently do not explain the cation depletion of these cells. In addition, the interaction of these cation leaks with other transport systems has not been explored.
Clark et al. (19, 20) , assuming that unbalanced K loss is primarily responsible for cation depletion of sickle cells, have suggested that dehydration ofsickle cells (which become sodium loaded by the increased sodium influx occurring with deoxygenation) might be accelerated by sodium pump activity because of the pump's coupling ratio of 3 Na0u,:2 Kin.They have shown the capacity of the pump to lower cation content in normal red cells loaded with sodium by nystatin treatment (19) . The interaction of the sodium pump and deoxy cation fluxes to produce cation depletion in sickle cells has not yet been demonstrated experimentally, however, and the role of the pump in cation loss from xerocytes has not been explored.
We report that the net sodium and potassium fluxes in the red cells of two patients with xerocytosis are equal and that the increase in cation permeability seen in deoxygenated sickle cells also results in balanced sodium and potassium movements. We present data showing that net cation loss occurs in both types ofcells as a result ofthe activity ofthe sodium pump in response to increased sodium influx.
Methods
Blood. Sickle cells were obtained from otherwise healthy patients homozygous for hemoglobin S by venipuncture into tubes containing either EDTA or heparin. Blood from xerocytosis patients was drawn into EDTA and transported on ice to the laboratory. All blood was used within 3 h of sampling. Controls were normal volunteers. Mean corpuscular hemoglobin concentration (MCHC) was calculated from the optical density at 540 nm of hemoglobin from lysed cells and the hematocrit, measured on oxygenated cells in whole blood spun at 13,000 g for 5 min. Cells were washed three times in appropriate media and resuspended at 2% hematocrit (0.5% for K-free incubations).
Patients. Two siblings with autosomal dominant hereditary xerocytosis were studied. Both had well-compensated hemolysis with consistently normal hematocrits (39-44%) each measurement. The mean of this ratio for the 34 measurements in Fig. 1 Net sodium and potassiumfluxes in xerocytes are balanced. Table I presents red cell cation data for two patients with xerocytosis and for comparison includes data from three other published studies on pathologic red cells that meet the criteria for xerocytosis (elevated MCHC, reduced cellular cations and/or water content, and resistant osmotic fragility) and on which net cation flux measurements were made. There is considerable variability in Na and K contents, as well as in net cation fluxes among these various patients. In fact, it should not be assumed that different kindreds with xerocytosis share a common basic defect; it is likely that a number of molecularly distinct membrane defects give rise to the clinical phenotype defined as xerocytosis. In one of our patients (A.C.), sodium and potassium fluxes were nearly balanced, while in the second (R.C.), sodium influx exceeded K efflux slightly. The rate of net potassium efflux did not exceed the net sodium influx rate in these patients or in the three other studies of xerocytic red cells. If permeability (p) is estimated by dividing the observed flux by the cation gradient as suggested by Glader et al. (5), sodium and potassium permeabilities in our patients remained approximately equivalent, although heterogeneity in this parameter among the reported cases is again evident. Therefore, although the increase (relative to normal cells) in potassium permeability is greater than the increase in sodium permeability (5), it is clearly not an unbalanced leak of potassium that leads to cation depletion of xerocytes. In other words, the passive fluxes ofsodium and potassium are not singularly responsible for dehydration in these cells.
In order to examine the relative magnitudes in xerocytes of the known pathways for net potassium movements, the unidirectional uptake of rubidium was measured. In normal cells, potassium influx can be separated into three distinct pathways: pump (ouabain sensitive), sodium potassium cotransport (bumetanide sensitive, ouabain insensitive), and residual (ouabain and bumetanide insensitive). Residual fluxes approximate the permeability ofthe lipid bilayer, and there is very little potassium self-exchange under physiologic conditions (24) . Measurements of ouabain-sensitive, bumetanide-sensitive, and ouabain-and bumetanide-insensitive rubidium uptake are presented in Table  II for xerocytes and for six normal blood samples. Pump activity was clearly elevated in xerocytes, as has been reported for certain other pathologically leaky red cells, and which presumably relates to both the youth of these cells as well as their elevated cellular sodium (25, 26) . Similarly, the cotransport influx rate in xerocytes exceeds that of normal cells (more than three standard deviations above the mean). Elevations in cotransport have been reported for other pathologic cells (27) , although little data is available on the relationship between red cell age and cotransport activity. The most dramatic increase in cation permeability in xerocytes was in the component of rubidium influx insensitive to both ouabain and bumetanide; this residual rubidium uptake was some 10 times normal. This finding agrees qualitatively with the data on net potassium fluxes in these cells, but quantitative comparisons of permeability estimates based on net fluxes and unidirectional fluxes (Rb uptake) must be made with caution.
Regardless of the precise nature of the pathway mediating net cation movements in xerocytes and deoxygenated sickle cells, the balanced nature of the net sodium and potassium fluxes indicates that other mechanisms must be sought to explain cation depletion in these cells. We have investigated the effects of sodium pump compensation for high cation leaks in these cells.
Cation depletion of normal, sodium-loaded red blood cells requires the sodium pump. The capacity ofthe pump to extrude net cation in sodium loaded cells is crucial to the involvement ofthis system in cation depletion ofcells with elevated membrane permeability. We designed experiments to confirm the data of Clark et al. (20) showing dehydration of normal cells loaded with sodium by exposure to nystatin, followed by extensive washing to remove the drug. Table III shows changes in cation content of normal cells incubated in PBS5K ± ouabain. In both experiments presented, cells were treated with nystatin to give either low-sodium, high-potassium contents (comparable with control cells not treated with nystatin), or high sodium, where cellular sodium and potassium were approximately equal (-50 meq/liter cells). Table III shows that high sodium cells incubated without ouabain lowered sodium levels to near normal, but without accumulating sufficient potassium to reach control potassium levels. These cells (high sodium with active pumps) thus had reduced cation contents after 18 h incubation in vitro: 22% lower in experiment A and 18% in experiment B. When high-sodium cells were treated with ouabain, the cation loss was blocked, implicating the sodium pump in this process. The requirement for sodium loading is demonstrated by the stability of cation contents in control cells and low-sodium nystatintreated cells. These data confirm the findings ofClark et al. (20) , and indicate that the sodium pump can mediate net cation extrusion in sodium loaded cells. The absence ofconsistent changes in cation content in ouabain-treated cells suggests that the sodium potassium cotransport system, which is ouabain insensitive, does not mediate net change in total cellular cation content under these conditions.
Cation depletion ofsickle cells in vitro requires the sodium pump and deoxy cationfluxes. In order to explore the interaction of deoxy cation fluxes and the sodium pump in sickle cells, we designed experiments to demonstrate loss of cations in sickle cells in vitro under deoxy conditions, and to evaluate the role of active transport in this process by blocking the pump by two independent methods: ouabain and removal of potassium from the incubation media.
In the first series of experiments, sickle cells were incubated in PBS5K for 18 h under four conditions: oxygenated or deoxygenated, ±ouabain. Table IV presents data from four such experiments. There was considerable variability among the patients as to initial and final cellular cation contents. Consequently, it is necessary to focus on changes in cation content, normalized to the initial cation levels (percent change) for the various incubation conditions. Cells incubated with ouabain generally Cells were incubated in PBS 5K ± ouabain and equilibrated with air or nitrogen as described in Methods. Percent change compares final (Na + K) to initial (Na + K). Standard deviations for triplicate measurements range from 1 to 4%.
gained cations whether oxygenated (condition C) or deoxygenated (condition D). This confirms the conclusion drawn from the short-term net flux studies that "passive" cation fluxes do not result in cation depletion in sickle cells even in the deoxygenated state. These ouabain-insensitive fluxes represent the vectoral sum of all other transport pathways except the sodium pump. If the sodium potassium cotransport system mediated net outward movement of cation in sickle cells, loss of cation in ouabain-treated cells would be expected. Oxygenated cells with active sodium pumps (no ouabain, condition A) had virtually constant cellular sodium and potassium (and therefore total cation) contents. Deoxygenated cells with active pumps (condition B), however, showed a consistent fall in total cation contents after 18 h incubation. This is illustrated graphically in Fig. 2 , where the mean values for changes in total cations for the four experiments in Table IV Normal red cells, incubated under similar conditions, showed very little change in total cation content, and no effect of deoxygenation was noted, as shown in Table V . Differences among the different incubation conditions for normal cells were not statistically significant. The difference between normal and sickle cells incubated under deoxygenated conditions without ouabain (condition B, using data on sickle cells from Table IV and three additional experiments summarized in Fig. 4 ) was significant at P < 0.006.
To explore further the role of the sodium pump in cation depletion of sickle cells, the effect ofpump blockade by removal of external potassium (K0) was tested. Cells were incubated in PBS±5 mM K0 under oxygenated and deoxygenated conditions. The resultant changes in cation contents after 18 h are shown in Fig. 4 (30) . In summary, without sodium pump activity, deoxygenation was not sufficient to produce net cation loss in sickle cells; likewise, operation of the sodium pump under oxygenated conditions resulted in stable cation contents, and pharmacologic inhibition of deoxy cation fluxes reduced cation loss in deoxygenated sickle cells. These data strongly support the hypothesis that deoxy sodium and potassium fluxes and the sodium pump acting in concert effect cation depletion in sickle cells.
Cation depletion of xerocytes requires the sodium pump.
Xerocytes are analogous to deoxygenated sickle cells in that they have an increased, but balanced leak of sodium and potassium. On the basis of the leak/pump hypothesis of dehydration, we would predict that these cells would become dehydrated in vitro, as long as the pumps were active. To test this prediction, we incubated xerocytes from two patients for 20 h ± ouabain. Cation contents from these cells along with normal cells incubated under the same conditions are presented in Cells were incubated as described in Table IV ofcation permeability in xerocytes, net cation loss (i.e., potassium loss in excess of sodium gain) was also seen in short-term incubations without ouabain (4, 5); with ouabain, sodium and potassium movements were equal (see Table I ). In this study the presence of ouabain in long-term incubations resulted in sodium gain in excess of potassium loss. In these cells cation gradients had been dissipated by prolonged incubation with ouabain (cellular Na = 140, K = 10 mmol/liter cells), and the gain of cations in explicable on the basis of the approach to Donnan equilibrium. However, from the short-term measurements, we know that passive sodium and potassium movements were balanced in xerocytes in which cation contents remained close to in vivo levels ( Table I ), indicating that passive cation permeability is not responsible for the cation depletion of xerocytes. Therefore, the predicted loss of cation after overnight incubation of xerocytes with active pumps supports the concept of the sodium pump's involvement in dehydration of cells with elevated but balanced cation leaks.
Discussion
This study has addressed the mechanism of dehydration in two pathologic red cells with different underlying defects. Xerocytic red cells have an elevated passive permeability to sodium and potassium, apparently as the result of a primary but as yet uncharacterized membrane defect. The data presented here, as well as that from the literature, show that the net sodium and potassium movements resulting from this defect are balanced. Similarly, in sickle red cells we and others (17) have demonstrated a balanced flux of sodium and potassium stimulated by deoxygenation. In both cell types we have shown that passive cation fluxes are balanced and therefore cannot be solely responsible for cation depletion. Our long-term incubation studies confirmed this finding, since ouabain-treated cells did not lose cations in vitro over an 18-h incubation. Only cells with active sodium pumps became cation depleted; in sickle cells this phenomenon required deoxygenation, reflecting the involvement of deoxy cation fluxes in the process. This cation pathway was further implicated by the reduction ofcation depletion in cells pretreated with DIDS, which blocks deoxy cation fluxes (29). These data strongly support the hypothesis that the sodium pump is the primary agent ofdehydration in cells with balanced cation leads, and in the case of sickle cells, that deoxy sodium and potassium fluxes constitute the contributory leak.
Much emphasis has been placed on the finding that the cellular influx and content of calcium are increased in sickle cells, especially in the deoxygenated state (31, 32) . This phenomenon has stimulated speculation that calcium-activated potassium fluxes (i.e., the Gardos pathway) might mediate deoxy cation fluxes and/or cation depletion (16, 32) . However, a growing body of data suggest that this is not the case for deoxy cation fluxes. The Gardos pathway is potassium selective (33), which is not consistent with the balanced sodium fluxes that we and others (16, 17) have shown accompany potassium fluxes stimulated by deoxygenation of sickle cells. Glader and Nathan showed no effect of calcium on changes in sodium and potassium contents in short-term incubations of deoxygenated sickle cells (16) . Bookchin and Lew have shown that deoxy potassium influx could be separated from calcium uptake in heterozygous sickle cells (34) .
The increased calcium influx induced by deoxygenation of sickle cells might transiently activate a Gardos potassium channel independent ofthe deoxy cation pathway, leading to small pulses of potassium efflux, which might be significant over long time periods in vivo. The elevated intracellular calcium levels in sickle cells, however, can be accounted for by calcium sequestered in endocytic vesicles, (35, 36) , and ionized calcium concentrations measured by nuclear magnetic resonance techniques in sickle cells were found to be normal, even in deoxygenated cells (37) . Any changes in cytoplasmic calcium concentration affecting cation permeability thus must be transient and/or localized within the cells. The calcium-dependent changes in cell density seen in deoxygenated sickle cells (38) support this hypothetical mechanism, although direct evidence for calcium activation of a potassium channel in sickle cells under physiologic conditions is not yet available. In the experiments presented here, cation loss from deoxygenated sickle cells was demonstrated in vitro in the absence of external calcium, suggesting that calcium is not required for cation depletion mediated by deoxy cation fluxes and the sodium pump.
Several reports have dealt with rapid changes in cell density upon deoxygenation of sickle cells. Fales (39) and Tosteson et al. (40) reported no change in sickle cell water content with deoxygenation, but their techniques were insensitive to the increase in water content in deoxygenated normal red cells reported by others (41) . Masys et al. (42) used dilution of '3 I-albumin to assay water movement and found an apparent reduction in sickle cell water content after deoxygenation, although no as-sessment was made of binding of 1311-albumin to cells. Fabry and Nagel (41) examined cell density changes with deoxygenation using Percoll-Stractan gradients. Normal cells became less dense upon deoxygenation. The behavior of sickled cells depended on pH and the morphologic characteristics ofthe sickle cells tested: Irreversibly sickled cells always became denser, while reversibly sickled cells remained unchanged at pH 7.4, but became more dense below pH 7.25. The mechanism ofthese changes in density was not elucidated, but alteration of cellular cations is unlikely, because of the rapidity of the density changes.
Changes in the osmotic behavior or net charge ofhemoglobin S upon deoxygenation might produce the acute density changes observed by Fabry and Nagel, although no direct experimental data supports the occurrence of such behavior of hemoglobin. A change in the net charge ofhemoglobin (or other impermeant anion) could acutely alter chloride content, and therefore intracellular pH and membrane potential. Only if the cell were able to respond to the change in membrane potential or internal pH by altering membrane permeability to cations would cation content change. In red cells homozygous for hemoglobin C, but not in normal red cells, cation permeability regulation appears to occur in response to intracellular pH: potassium permeability increases as internal pH decreases (43) . A similar pathway was recently reported in oxygenated sickle cells (44) . It should be pointed out, however, that the acute density changes in deoxygenated sickle cells seen by Fabry and colleagues and the changes in cation content seen upon long-term incubation in this study are not both explicable in terms of hemoglobin charge effects. An increase in hemoglobin electronegativity secondary to deoxygenation would tend to shrink cells acutely (cause chloride to leave) and would result in hyperpolarization of the membrane. Any regulatory activity on the part of the cell to restore membrane potential (and cellular pH) toward normal would involve the uptake, not loss, ofcation. In addition the reduction in cation loss seen in deoxygenated sickle cells pretreated with DIDS supports the direct involvement ofdeoxy cation fluxes in the process of cation depletion, and argues against indirect effects on cation content secondary to changes in hemoglobin charge. Furthermore, the volume-regulatory pathways seen in nucleated red cells (45) , sickle and hemoglobin C cells (43, 44) , are ouabain insensitive, and are present in oxygenated cells, which is inconsistent with our findings that cation loss in sickle cells depends on both deoxygenation and sodium pump activity.
The volume regulatory pathway described by Brugnara and colleagues does represent a potential mechanism of cation loss in pathologic red cells (43, 44) , independent of hemoglobin charge effects and deoxygenation. The volume-sensitive pathway in sickle cells has higher activity in the lightest population of sickle cells, even when cation contents and volumes ofthe density fractions are equalized by nystatin treatment (44) . Canessa has shown that a K-Cl cotransport pathway exists in normal reticulocytes that is qualitatively and quantitatively similar to the volume-sensitive potassium pathway in sickle cells (46) . More research is needed to determine if this pathway is specific for the sickle mutation and whether it contributes in vivo to cation loss in sickle cells. In any case, this ouabain-insensitive system would be independent of the interaction between deoxy cation fluxes and the sodium pump.
The concept of the pump's involvement in cation depletion in pathologic red cells was first touched on by Glader and Nathan, who pointed out that a cell with a selective potassium leak would not be able to compensate for potassium loss by increasing pump activity (16) . Clark et al. demonstrated the dehydrating capacity of the sodium pump in normal cells and suggested that cation depletion resulting from excessive potassium loss in deoxygenated sickle cells might be exacerabated by pump activity in response to deoxy sodium influx (19, 20) . Indirect support for this concept comes from the recent report of Izuma et al., who showed ouabain-sensitive changes in MCHC in deoxygenated sickle cells (28) . Our data provide evidence that the sodium pump is, in fact, a primary agent of cation depletion in both sickle cells and xerocytes. In xerocytic red cells, the process of cation loss is continuous because the balanced cation leaks provide a constant stimulus to the sodium pump, the compensatory effort of which is unbalanced. The sickle cells in our experiments had elevated sodium and potassium permeability resulting from deoxygenation. The experiment conditions employed did not allow for more physiologic conditions of cyclical oxygenation and deoxygenation. Nevertheless, given the reversibility ofdeoxy cation fluxes and their activation in vitro at physiologic venous oxygen tensions (40, 47) , it is reasonable to postulate that transient elevations of cation permeability occur in sickle cells in vivo, leading to elevations in sodium concentrations. Responding to elevated cellular sodium, the pump is stimulated, returning sodium concentration toward its baseline upon reoxygenation. There is experimental evidence that ouabain-sensitive potassium influx is, in fact, increased during deoxygenation of sickle cells in vitro, presumably as a result of increased cellular sodium (28) . However, because ofpump stoichiometry (48) and the fact that regulation of pump rate is primarily via intracellular sodium (not potassium) concentration (49) (18) and possibly the content of fetal hemoglobin (52) . There is also evidence that for a given patient, heterogeneity exists among various cell populations as to the rate of cellular dehydration (53, 54) . Maximal sodium pump rates may also vary among certain density fractions of sickle cells (19) . Many factors thus may modulate the rate at which cation depletion results from the interaction ofthe sodium pump and deoxy cation fluxes in vivo. Regardless ofthe pace of the process, every incremental drop in water content would increase the cell's rigidity and its tendency to sickle, hastening its destruction.
One of the important features of this model of cation depletion of sickle cells is the fact that its major components, the sodium pump and deoxy cation fluxes, are active under physiologic conditions of intra-and extracellular ionic composition, pH, cellular metabolic state, and oxygen tension. Deoxy cation fluxes are optimal at pH 7.4-7.5 (47, 55) and are activated in the P02 range of 30 to 40 torr (47) . Extremes of pH, circulatory sequestration, cytoplasmic calcium accumulation, or ATP exhaustion thus would not be necessary for cation depletion in sickle cells.
We have shown that the mechanism of cation depletion is similar in sickle cells and hereditary xerocytic red cells, two pathologic cell types with different underlying defects. The fundamental features ofthe model are increased cation permeability with balanced net sodium and potassium movements and compensatory activity ofthe sodium pump, presumably with 3 Na0ut: 2 Ki, stoichiometry. We propose that this mechanism can be generalized to apply to any cell with pathologic leaks. As long as the ratio of passive cation movements is not appropriate for the coupling ratio of the sodium pump, an imbalance in total cation fluxes will occur, leading to a change in cation content with time. In addition to the potential variables ofpassive cation permeability and pump coupling, abnormalities of the sodium potassium cotransport pathway might effect net cation movement. Regardless ofthe possible permutations involved, the basic concept is that abnormal cation leaks may interact with the other transport pathways in the cell to produce net changes in cation content. Any evaluation of cells with manifestations of altered volume control mechanisms must take into account this general principle.
